Cotton fibres are a subset of single epidermal cells that elongate from the seed coat to produce the long cellulose strands or lint used for spinning into yarn. To identify genes that might regulate lint fibre initiation, expression profiles of 0 days post-anthesis (dpa) whole ovules from six reduced fibre or fibreless mutants were compared with wild-type linted cotton using cDNA microarrays. Numerous clones were differentially expressed, but when only those genes that are normally expressed in the ovule outer integument (where fibres develop) were considered, just 13 different cDNA clones were down-regulated in some or all of the mutants. These included: a Myb transcription factor (GhMyb25) similar to the Antirrhinum Myb AmMIXTA, a putative homeodomain protein (related to Arabidopsis ATML1), a cyclin D gene, some previously identified fibreexpressed structural and metabolic genes, such as lipid transfer protein, α-expansin and sucrose synthase, as well as some unknown genes. Laser capture microdissection and reverse transcription-PCR were used to show that both the GhMyb25 and the homeodomain gene were predominantly ovule specific and were up-regulated on the day of anthesis in fibre initials relative to adjacent non-fibre ovule epidermal cells. Their spatial and temporal expression pattern therefore coincided with the time and location of fibre initiation. Constitutive overexpression of GhMyb25 in transgenic tobacco resulted in an increase in branched longstalked leaf trichomes. The involvement of cell cycle genes prompted DNA content measurements that indicated that fibre initials, like leaf trichomes, undergo DNA endoreduplication. Cotton fibre initiation therefore has some parallels with leaf trichome development, although the detailed molecular mechanisms are clearly different.
Introduction
Lint fibres of cotton (Gossypium hirsutum L. and other Gossypium species) are extremely long single epidermal cells that develop on the outer surface of ovules, reaching upwards of 5 cm in some species (Stewart 1975) . Fibres initiate between 1 day pre-and 1 day-post anthesis (dpa), and the fibre initials begin to elongate rapidly immediately after fertilization, extending out from the surface of the seed coat epidermis. After a period of elongation lasting 15-25 d, secondary cell wall thickening fills the fibre with cellulose and the fibre dies and collapses to form the mature lint fibre that is harvested from the seeds and used in textile manufacture (Basra and Malik 1984 , Berlin 1986 , Ryser 1999 . Between 5 and 10 dpa, a second round of fibre initiates, but these fibres fail to elongate appreciably and form the 'fuzz' fibre that remains very short (a few millimetres) at maturity and is still attached to the seed after the lint is removed in ginning. These two types of fibres, the long lint fibres and the short fuzz fibres, probably share common developmental pathways at least early during differentiation. However, the fuzz fibre appears to be under separate genetic control as a number of genetic loci specifying absence of fuzz fibre, but with normal lint, have been identified (e.g. Turley and Kloth 2002) . Lintless mutants, however, only occur in conjunction with lack of fuzz fibre, so are essentially fibreless (Turley and Kloth 2002) . Most biochemical and molecular studies have focused on the lint fibres because of their economic significance and ease of isolation.
Cotton fibres are an excellent single cell model system for cell growth and cellulose biosynthesis (reviewed by Basra and Malik 1984) . Various fibre-specific and fibre-enriched genes involved in cell elongation and cell wall biogenesis, including cellulose synthesis (reviewed by Wilkins and Jernstedt 1999) , have been cloned. Studies of genes involved in fibre growth, such as phosphoenopyruvate carboxylase (Vojdani et al. 1997) ; two membrane-bound electrogenic proton pumps, the vacuolar H + -ATPase (Hasenfratz et al. 1995) and the plasma membrane H + -ATPase (Smart et al. 1998) ; sucrose synthase (Ruan and Chourey 1998) ; and sucrose and K + transporters (Ruan et al. 2001) suggest that cell turgor is the primary driving force behind fibre cell elongation. Cytoskeleton genes, such as α-tubulins (Whittaker and Triplett 1999) and β-tubulin (X.B. , may play a dual role in cell elongation and secondary cell wall synthesis. Cell wall-modifying genes, such as endo-1,4-β-glucanase and expansin (Shimisu et al. 1997) , act in concert with cell turgor through the relaxation of the primary cell wall structure allowing cell expansion. Other fibrespecific or fibre-enriched genes have been characterized including: lipid transfer proteins (LTPs) (Ma et al. 1995 , Ma et al. 1997 presumed to function in cutin synthesis; E6 (John 1996) and Fb-B6 (John 1995) , probable cell wall structural proteins; and cellulose synthesis genes cesA1 and cesA2 (Pear et al. 1996) . Recent studies on the comparison of gene expression profiles of 5-10 dpa ovules from a fuzzless-lintless mutant (fl) and its parental wild type (Xu-142) using cDNA macroarrays identified new genes including an auxin-binding protein, a mitogen-activated protein kinase and an RD22-like protein that are all preferentially expressed in elongating fibres (C.H. . Ji et al. (2003) identified a large number of elongation phase (10 dpa) cDNA clones (mainly enzymes and cell wall proteins) by subtractive hybridization and cDNA macroarrays comparing wild-type and fibreless mutants, but the physiological or biochemical roles in fibre growth of any of these have yet to be verified. Kim and Triplett (2004) used differential display with a similar mutant/wild type comparison at 5 dpa to identify a germin-like gene with reduced expression in the mutant, but this was shown to be most abundantly expressed in the elongating fibres. Arpat et al. (2004) were the first to take a genomic approach to fibre development examining the growing number of cotton expressed sequence tags (ESTs) from elongating cotton fibres. They confirmed the genetic complexity of this stage of fibre growth and, using an oligonucleotide array of >12,000 non-redundant sequences, they identified 2,500 elongation stage-specific genes that were down-regulated in 24 dpa fibres undergoing secondary cell wall thickening and 81 secondary cell wall stage-specific genes that were up-regulated relative to 10 dpa fibres. This study clearly delineated the two stages of transcriptional activity defining the different physiological and biochemical processes known to be occurring in these cells at these times and will provide interesting targets for further characterization and functional verification. Not surprisingly, many of the genes identified in the microarrays are involved in energy metabolism, cell turgor generation, and primary and secondary cell wall biogenesis, but many are possibly also of novel function.
Few genes, however, have been identified that are associated with the early events in fibre cell initiation and development. As all hair-like or bristle-like outgrowths from the epidermis of plants are called trichomes, cotton fibres are botanically seed trichomes, and numerous authors have drawn parallels between these two cell types (e.g. Suo et al. 2003 , Wang et al. 2004 , Humphries et al. 2005 . At a molecular level, the understanding of plant trichome initiation and development is greatest for Arabidopsis, where at least 20 genes are required (Hülskamp et al. 1994) . Normal trichome development requires a trichome-promoting protein complex comprised of GLABROUS1 (GL1, a Myb protein), TRANSPARENT TESTA GLABRA1 (TTG1, a WD40 protein) and GLABRA3 (GL3, a basic helix-loop-helix protein). GLABRA2 (GL2, a homeodomain protein) regulates trichome morphology and spacing, while TRIPTYCHON (TRY, another Myb-like protein) mediates lateral inhibition of trichome development in adjacent cells (Rerie et al. 1994 , Walker et al. 1999 , Szymanski et al. 2000 , Ohashi et al. 2002 , Schellmann et al. 2002 . Potential homologues of these genes have been reported to be expressed in cotton fibres (Loguerico et al. 1999 , Suo et al. 2003 , Wang et al. 2004 , Humphries et al. 2005 and some demonstrated to complement Arabidopsis glabrous mutants, but their roles in leaf trichome and/or fibre development remain to be confirmed in transgenic cotton. Circumstantial evidence does suggest that different trichome types in different species may be specified by distinct developmental programmes (Noda et al. 1994 , Glover et al. 1998 , Payne et al. 1999 . Suo et al. (2003) identified a cotton Myb gene, GhMYB109, that is structurally related to both GL1 and another Myb regulating root hair development, WEREWOLF (WER). GhMYB109 is expressed early, but at much higher levels in the elongating fibres, suggesting a role in elongation rather than initiation.
To identify genes that regulate fibre initiation, we have used mRNA from early stage fertilized ovules of wild type and six reduced fibre or fibreless mutants of cotton (that produce few if any lint fibres and no fuzz fibres) to probe a cotton cDNA microarray containing about 10,000 ovule cDNA clones expressed around the time of fibre cell differentiation. Using this strategy, we have identified 13 candidate genes that are differentially expressed in many of the fibreless mutants including two types of transcription factors (Myb and homeodomain genes), a cell cycle gene and other genes with known or presumed roles in cell growth. The spatial and temporal expression of the Myb gene, in particular, coincides with the location and time of fibre initiation and, when expressed in transgenic tobacco, resulted in an increase in number and branching of leaf trichomes. The putative homeodomain gene is expressed mainly in ovules and fibre initials, and to a lesser extent in leaves. Nuclear DNA content measurements also indicate that the majority of fibre cells undergo at least one round of DNA endoreduplication during initiation. These results suggest some similarity between the types of genes and molecular events involved in cotton fibre and Arabidopsis trichome initiation, but not a direct conservation of the two developmental systems.
Results
Reduced fibre mutants show a much reduced but varied number of fibre initials with delayed development A number of naturally reduced fibre and fibreless mutants, lacking both the long lint fibres and the short fuzz fibres, have been found fortuitously in fields of commercial cotton, and these provide unique genetic material to study the molecular events specific for fibre development. The six mutants examined here were of varying provenance and relatively uncharacterized genetically. The four lines Lintless 1A, Lint-less 4A, Lintless 5B and Lintless 53 were originally separate selections from a fully linted and fuzzy seeded cultivar B1278 (A. Low, unpublished) isolated as presumed spontaneous mutants that showed low but differing levels of lint production and no fuzz fibre (so are not completely lintless as mature seeds, despite their name). SL1-7-1 (Mississippi Obsolete Variety Collection Number 0504) was also a naturally occurring variant (mentioned in Turley and Ferguson 1996) that is fuzzless and produces very little lint at maturity (less than the most lintless of the B1278 selections). Xu-142 fl is a profoundly lintless and fuzzless mutant of cultivar Xu-142 and produces only a few lint fibres on some seeds (Zhang and Pan 1991) . The mature seed phenotype of the different mutants is shown in Fig.  1A . Except for Xu-142 fl, all the mutant lines, but particularly Lintless 5B (which had the most lint of any of the lines), showed a variable, but low level of leakiness, but never produced as much lint as a normally linted cultivar. The growth rate and general vegetative and floral development of the mutants were all similar to the wild type except that SL1-7-1 (SL) exhibited higher levels of red anthocyanin pigments in (B) Reciprocal crosses of lintless mutants SL1-7-1 and Lintless 4A. Mature seed phenotypes photographed in situ; from left to right: wild-type DP16; SL1-7-1; F2 seed of SL1-7-1 (female) crossed with Lintless 4A; F2 seed of Lintless 4A (female) crossed with SL1-7-1; Lintless 4A. (C) F1 lint and fuzz phenotypes shown on F2 seeds from crosses of five mutants with wild-type DP16 with DP16 phenotype as a control, from left to right: DP16; Lintless 5B (female) crossed with DP16; Lintless 53 (female) crossed with DP16; Lintless 4A (female) crossed with DP16; Lintless 1A (female) crossed with DP16; SL1-7-1 (female) crossed with DP16. Fuzzy seed is grey after removal of the lint, while fuzzless seed is black. most plant parts and probably carries the red plant mutation known in G. hirsutum. All lines produced normal levels of trichomes on their stems and leaves (not shown).
The genetics of lint and fuzz fibre production in cotton is complex and still contentious. Of the lines examined here, only Xu-142 fl has been characterized in any detail, and its fibreless (i.e. lintless-fuzzless) phenotype is reportedly conferred by two recessive genes (Zhang and Pan 1991) , although Du et al. (2001) had a more complex interpretation, invoking four genes. Turley and Kloth (2002) have put forward a different explanation for the genetic control of lint and fuzz fibre, postulating three sets of dominant and recessive fuzz-determining genes Wild-type cultivar DP16; (B) Lintless 4A (note the mucous covering on the surface of -2 dpa ovules that disappears by 0 dpa); (C) Lintless 41; (D) Lintless 53 (note the few fibre initials occurring on 0 dpa ovules); (E) Lintless 5B; (F) SL1-7-1. All of the mutants had some level of fibre initiation by +2 dpa, but mostly towards the chalazal end in patches. The scale bar is 10 µm for all images.
with epistatic interactions to generate the fibreless trait. SL1-7-1 has at least one dominant gene for fuzzless seed and a second and possibly a third recessive fuzzless gene that together also inhibit lint production (R. Turley, personal communication) . We crossed all six of the mutants in a reciprocal manner. F1 seed in each case was identical to the female parent as the seed coat and fibre are maternal tissues. Four F1 plants from each cross were grown and allowed to self. The phenotype of the F1 seed coat on the F2 seed in each cross was fuzzless and predominantly lintless (e.g. Fig. 1B ) (although some had a similar amounts of lint to the parental mutants), but none had as much lint as the wild type, so there was no apparent complementation of the defects in any combination of two lintless parents. All crosses to Xu-142 fl had as much or more lint than their paternal mutants, while all crosses to SL1-7-1 tended to have as much or less lint than their paternal mutants. Crosses of the mutant lines to wild-type linted and fuzzy cotton [cultivar Deltapine 16 (DP16)] produced F2 seed that was linted, but fuzzless for all the mutants except for Xu-142 fl (Fig. 1C) , confirming that these Australian and American lines carry a dominant allele for lack of fuzz fibre [probably N1 as suggested for SL1-7-1 by Turley and Kloth (2002) ]. Xu-142 fl×wild-type F2 seed, on the other hand, was linted and fuzzy (i.e. wild type), confirming the results of Zhang and Pan (1991) that it carried one or more recessive fuzzless seed alleles some of which must be shared with the Australian and US mutants. Because the genetics is complex and still unresolved, it is difficult to assess the relatedness of the loci in the lines without more extensive crosses and progeny testing that is beyond our limited glasshouse resources. The data, while incomplete, suggest that most of the lines (except Xu-142 fl) carry a recessive mutation in the same gene that produces lintless seed as well as a dominant mutation conferring fuzzless seed, while Xu-142 fl carries a recessive mutation in this same gene for fuzz fibre production and possibly other genes. The different subtle fibre phenotypes of the mutants may be due to other loci that modify the degree of lint production.
Scanning electron microscopy (SEM) was used to examine the fibre development of the six cotton mutants (Lintless 1A, 4A, 5B, 53, SL1-7-1 and Xu-142 fl) at 2 d before anthesis (-2 dpa), the day of anthesis (0 dpa) and 2 d after anthesis (+2 dpa) (Fig. 2, 3 ). There were no obvious differences between the mutants and the wild type (DP16) at -2 dpa except that Lintless 4A ovules were covered with a mucous-like substance (Fig. 2B) . The ovule surfaces were flat and epidermal cells were interspersed with stomata. On the day of anthesis, most cells destined to become fibres on the wild type had already started to balloon out from the epidermis, more so from the chalazal end ( Fig. 2A, 3 ). In comparison, in all the mutants, few if any fibre initials had become visible on the seed epidermis (except for Lintless 53 that had a low level of fibre initiation; Fig. 2D ) so at this developmental stage all were effectively lintless (fuzz fibres do not form for another 4-5 d). The mucous-like substance covering Lintless 4A ovules had disappeared by 0 dpa (Fig. 2B) . The mutant phenotype was more obvious at 2 dpa when the fibres are rapidly elongating in the wild type, but are relatively short and patchy in the mutants ( Fig. 2A-F, 3 ). All the mutants had a much reduced number of fibre initials on the surface of ovules and those fibres that developed appeared to be less synchronized in their elongation than the fibre initials of the wild type. As previously reported (Yu et al. 2000) , the Xu-142 fl mutant had virtually no fibre initials (Fig. 3) . Regardless of the genetic nature of the lesions in each of the mutants, the relative lack of fibre initials at 0 dpa relative to wild-type ovules provided an ideal comparator for the identification of gene expression differences that might correlate with fibre cell initiation, and this stage was chosen for the main microarray comparisons. As noted above, fuzz fibre is not initiated until later so does not complicate the analysis.
Many genes are differentially expressed in the mutant ovules
Gene expression in 0 dpa whole ovules of each of the mutants except Xu-142 fl was compared with the wild-type DP16 at the same stage using our 10,000 ovule cDNA microarray. Each experiment was replicated a minimum of four times as two biological replicates (ovules collected from the same batch of plants on a different date) and two dye swap replicates (Table 1 ). The lists of differentially expressed cDNA clones for all the mutant/wild type microarray experiments are provided as Supplementary material (supplementary Table S1 ) and the full data sets are available at http://www.pi.csiro.au/ gena/ and The Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) as Series Accession No: GSE3545, GSE3546 with Platform Accession No: GPL3035 describing the array. The total number of statistically significant differentially expressed cDNA clones varied considerably, from an average of 60 clones in the Lintless 4A/DP16 comparison up to an average of 243 clones in the Lintless 53/ DP16 comparison (the line with the largest number of fibre initials at 0 dpa) (Table 1) ; however, there was no consistent correlation between the numbers of differentially expressed genes and the number of fibre initials formed in the different mutants at 0 dpa, as most mutants had few if any fibre initials at day zero. Not surprisingly, the number of statistically significant differentially expressed genes tended to drop with increasing levels of replication of the hybridizations.
As an additional control and to validate the statistical robustness of the tRMA package used for the microarray data analysis, we also carried out three self-hybridizations of DP16 0 dpa ovules (three biological replications, i.e. three batches of 0 dpa ovules collected from the same pool of DP16 plants on different dates). Each batch of RNA was labelled with two different fluorescent tags, and hybridized to a separate array for each replicate. In each case, the data transformation and normalization were the same as detailed in Materials and Methods and generated lists of the differentially expressed genes in each of the hybridizations. The 'compare interesting genes' function of tRMA was then used to select those genes that were repeatedly (three out of three replications) identified in all the biological replications in a manner similar to the experimental data sets. This method gave a list of only three genes that were differentially expressed among the 10,000 spotted clones (discounting the flagged spots, see supplementary Table S2 ), resulting in a false-positive rate of only 0.03% and none of these genes corresponded to clones identified in the experimental data sets.
Among the genes that are differentially expressed in fibreless mutants, only a small number are normally elevated in expression in the seed coat outer integument A 0 dpa cotton ovule is a rapidly developing complex organ, composed of at least three separable layers of tissues: the outer integument, the inner integument and the nucellus. As the cotton fibre develops only from the epidermal cells of the outer integument, genes that show a higher expression level in this layer should be more relevant to fibre initiation and development than genes that are predominantly expressed in the inner integument and nucellus. Outer integuments were therefore separated from the inner integuments and nucellus of 0 dpa wild-type ovules from DP16 by micro-dissection and labelled cDNA prepared from the partitioned tissues. The gene expression in the outer integument was then compared with that of the inner integument and nucellus by probing the 10,000 ovule cDNA microarray. The results, averaged over four replicates (two biological replicates each with two dye-swapped technical replicates), revealed a total of 121 cDNA clones that were differentially expressed, with 66 clones up-regulated and 55 clones down-regulated in the outer integument of wild-type ovules relative to inner ovule tissues (supplementary Table S3 ). The list of 66 outer integument up-regulated clones was then used as a filter in silico on the differentially expressed gene lists identified from the fibreless mutant/wild type comparisons to select for cDNA clones whose expression might correlate with fibre initiation in the outer epidermis of linted cultivars. This filtering resulted in the identification of a surprisingly small number of clones: four, seven, six, 10 and four clones from the 1A, 4A, 5B, 53 and SL mutants, respectively, most of which were significantly down-regulated in the fibreless mutants compared with wild-type ovules and also upregulated in the ovule outer integument relative to inner ovule tissues in the wild-type cultivar.
In all, from this set of five wild type/mutant comparisons, only 10 unique cDNA clones were identified as potentially being involved in the early stages of fibre development. The relative expression changes in each mutant and predicted sequence identities of these candidate genes are summarized in Table 2 . Only three clones [ON35F04 (GhMyb25), ON35N09 (GhFaE1, transferase protein) and ON35C09 (GhFU1, unknown glycine-rich protein)] were consistently down-regulated in all five mutants, while the other clones were down-regulated in 2-4 of the mutants. The other less consistent genes included known fibre development-related genes such as α-expansin, sucrose synthase and LTPs, and some regulatory genes that have not been previously identified as important in early fibre development, including a gene encoding a putative homeodomain protein; a cyclin D3 homologue; a transmembrane transporter; and a gene of unknown function. For ease of referring to the different genes, we have assigned them gene names that refer to their presumed functions, such as GhHD1 to refer to the cotton homeodomain protein-like gene represented by ON33M07 (Table 2 ), until such time as the complete genes are cloned and fully characterized.
The candidate genes show distinctive expression patterns during the time of fibre initiation RNA from wild-type DP16 ovules of -4, -2 and +2 dpa was compared with RNA from 0 dpa DP16 ovules using the 10,000 ovule cDNA microarray (each as two biological repli- cates and two dye swaps) to profile the temporal changes in expression of genes around the time of fibre initiation. The expression changes for the 10 initial candidate fibre genes relative to their levels in 0 dpa ovules are shown in Fig. 4 . Based on their functional identity in a BlastX search and their patterns of expression, we could divide the genes into two classes: class I genes are regulatory genes that generally show a plateau of expression around 0 dpa; while class II genes tend to have more structural or biochemical functions and when compared with their pre-initiation values exhibit increasing expression towards +2 dpa (Fig. 4) . The three genes, GhMyb25, GhHD1 and GhCycD3;1, in class I were considered more likely to have a role in the early events of fibre initiation at anthesis. The expression of GhCycD3;1 increases continually from -4 to 0 dpa and plateaus between 0 and +2 dpa, while GhMyb25 and the GhHD1 exhibit a dip in expression at -2 dpa followed by a peak at 0 dpa and then a slight decline towards +2 dpa. The plateau in expression at 0-2 dpa of these three genes coincides with the time of fibre initiation, although given the level of replication and hence standard errors, these expression patterns can only be taken as a rough guide [see reverse transcription (RT)-PCR results in Fig. 4 ].
The rest of the genes show a class II expression pattern although the specific details differ among them. The expression of GhFU1 (unknown glycine-rich protein gene) and GhSus (sucrose synthase) increases gradually in the time period examined. GhFaEl (identified as a possible transferase similar to a fatty acid elongase) and GhTMTP (transmembrane transporter) show a slight decrease from -4 to -2 dpa and then increase gradually towards +2 dpa. The third group from this class comprises GhEX1 (α-expansin) and GhLTP which show a distinctly flat profile from -4 to 0 dpa followed by a sharp increase from 0 to +2 dpa. The last member from this class GhFU2, which encodes an unknown protein, exhibits increased expression from -4 to -2 dpa and again from 0 to +2 dpa, while the expression between -2 and 0 dpa remains unchanged.
The identified candidate genes are also down-regulated in a completely independent fuzzless-lintless (fl) mutant
The parental genotypes (B1278 and SL1-7-1) of the Australian and American fibre mutants we analysed are either not available or unknown so could not be used for these experiments. An fl mutant has recently been isolated from the Chinese G. hirsutum cultivar Xu-142 and used to identify and characterize fibre development-related genes (Yu et al. 2000 , C.H. Li et al. 2002 , Ji et al. 2003 ). These two lines provided an isogenic pair with which to validate the genes identified from our other mutants. RNA from 0 dpa ovules of Xu-142 fl was compared with that of 0 dpa ovules of Xu-142, and 119 clones were identified as differentially expressed in the four replicates (supplementary Table S4 ). The same outer/inner integument gene expression filter was applied to the data set and identified 13 differentially expressed genes that were also more highly expressed in the outer integument of the linted DP16 ovules (Table 3) . Amongst the 13 genes, eight are the same down-regulated genes identified in the other lintless mutant/DP16 comparisons and five are additional genes (three down-regulated and two up-regulated in the mutant) that had not been noted in Table 3 Genes differentially expressed in the outer integument of the ovules of the fibreless (fl) cotton mutant as compared with its wild-type parent Xu-142
a Genes in common with the candidate genes from the other five mutants.
b The values presented in the table are the medians of Log 2 -transformed, normalized and rescaled ratios of the two compared samples. The rescaling was performed by dividing through by an estimate of the median absolute deviation (computed on the final residual mean-difference data) as described by Wilson et al. (2003 (AF336283) ; MYBcDNA, the GhMyb25 cDNA clone (ON35F04) described in this work; PhMYB1, Petunia hybrida Myb.Ph1 (S26605); AtMYB106, Arabidopsis thaliana MYB106 (NP_186763); AmMIXTA, Antirrhinum MIXTA (S45338); GhMYB1, Gossypium hirsutum MYB1 (AAA33067) encoded by COTMYBA; AtGL1, Arabidopsis thaliana GLABROUS1 (CAB97485); GhMYB109, Gossypium hirsutum MYB109 (CAD71140); GaMYB2, Gossypium arboreum MYB2 (AY626160). GenBank accession numbers are in parentheses. Conserved amino acids are shaded. (B) Unrooted phylogenetic tree generated from the alignment of the above-mentioned Myb protein sequences using ClustalW.
the previous comparisons. One of the new candidate genes, ON38N08 (886 bp), encodes a Myb protein which is 69% similar to the GhMyb25 protein and has a similar expression profile to GhMyb25, consistent with also being a class I gene (Fig.   4 ). It has been designated as GhMyb25-like. Other genes include an RD22 stress-related gene (down-regulated in the mutant), a non-specific LTP (up-regulated in the mutant), an L-asparaginase (down-regulated in the mutant) and a function- Identification of early cotton fibre genes 118 ally unknown protein (GhFU3, up-regulated in the mutant). RD22 showed a similar expression profile to GhFaEl, while the non-specific LTP was similar to GhFU2, so both could be grouped with the other class II genes. GhFU3 had a relatively flat expression profile in wild-type ovules, while the Lasparanigase had an early peak at -2 dpa, so is different from the other genes (not shown).
GhMyb25 shows homology to AmMIXTA and is ovule specific
The most interesting of the candidate genes, ON35F04, was down-regulated in all six mutants. It is 1,160 bp in length and 98% identical to GhMyb25 (GenBank accession number AF336283), which encodes an R2R3 Myb transcription factor, expressed in 0 dpa ovules of G. hirsutum cultivar Acala Maxxa (B. Burr, unpublished). Because of its high similarity to GhMyb25, ON35F04 is presumed to be the same gene, although the GhMyb25 sequence in GenBank (AF336283) contains an unspliced intron not present in our clone. The small differences in sequence between the clones presumably result from polymorphisms between the different cultivars. It is also 96% identical to the Gossypium arboreum EST (BE054276), suggesting that it may be encoded by the A-genome present in tetraploid cotton. Outside the R2R3 region, which is highly conserved amongst all Myb transcription factors, GhMyb25 shows highest homology to the Petunia hybrida PhMYB1, Antirrhinum majus MIXTA (AmMIXTA) and Arabidopsis AtMyb106 (Fig. 5) . It is more distantly related to Arabidopsis GL1 and cotton MYB1, another cotton myb which causes distinct abnormalities when overexpressed in transgenic tobacco including the production of cotyledonary trichomes (Payne et al. 1999 ).
GhMyb25 expression was detected only in 0 dpa ovules and not in petal, leaf, roots or stem using RT-PCR (Fig. 6A) . Expression was detected in -2, 0, 2 and 5 dpa ovules, with the highest expression in 0 and 2 dpa ovules (Fig. 6B) , consistent with the microarray data. No apparent expression of GhMyb25 was observed by RT-PCR in ovules of -2, 0 and 2 dpa from three of the mutants, Lintless 1A, SL1-7-1 and Lintless 4A (Fig. 6C) , although very low expression was revealed after hybridizing RT-PCR products with an ON35F04 probe (Fig.  6D) , consistent with the low levels of lint production that still occur on these ovules. GhMyb25 expression peaked at 0-2 dpa in lines Lintless 1A and SL1-7-1, whereas in Lintless 4A, the highest expression was detected slightly later at 2 dpa.
The putative homeodomain protein gene GhHD1 is expressed mainly in ovules ON33M07 (GhHD1) was a second gene of interest because of the possible functional similarities between fibre development and Arabidopsis leaf trichome development. Arabidopsis trichome development has been shown to be regulated by both myb and homeodomain proteins. The evidence for the involvement of this gene in fibre initiation was not as strong as for GhMyb25 since it was differentially expressed in only three of the six mutants. The original clone was a partial cDNA clone of 442 nucleotides, but was extended by RT-PCR to 2,222 nucleotides (GhHD1), and encodes a protein with homology to two homeodomain proteins; protodermal factor 2 (GenBank accession number NP_567274) (507 out of 634 or 79% identical amino acids) and the L1-specific and ovulespecific homeodomain gene ATML1 (GenBank accession number T05850) (518 out of 657 or 78% identical amino acids). ATML1 has previously been grouped with the Arabidopsis GLABRA2 in the same HD-GL2 class and they share a common L1 layer-specific or dermal-specific pattern of expression (Lu et al. 1996) . GhHD1 is only 43 and 42% identical to the other cotton homeodomain proteins that are present in GenBank, GhHOX1 (AAM97321) and GhHOX2 (AAM97322), respectively.
GhHD1 is mainly expressed in ovules of various developmental stages and at much lower levels in leaves as revealed by RT-PCR (Fig. 6E, F) . Quantification relative to β-tubulin indicated that the expression of GhHD1, however, is relatively constant during early fibre development (Fig. 6 ), being expressed in both detached fibres and ovules. The expression levels of GhHD1 in 0 dpa ovules of mutants Lintless 5B and 4A relative to DP16 0 dpa ovules after normalization with β-tubulin expression were only slightly lower than in similar wild-type ovules (Fig. 6) , at least for the two mutants examined, so is not quite consistent with the microarray results that show a convincing down-regulation in some, but not all, of the mutants. The RT-PCR band was confirmed as GhHD1 specific by Southern blot hybridization using the ON33M07 cDNA fragment as probe (data not shown).
GhMyb25 and GhHD1 are up-regulated in the fibre initials compared with epidermal cells
To investigate whether GhMyb25 and GhHD1 are expressed in fibre initials on the day of anthesis, laser capture microdissection (LCM) was used to isolate fibre initial cells and epidermal cells from tissue sections of 0 dpa DP16 ovules. RNA isolated from the captured cells was amplified and used in RT-PCR. Both GhHD1 and GhMyb25 exhibit fibre initialenriched expression (Fig. 7A ) with the expression of GhHD1 being >2-fold in fibre initial cells relative to in non-fibre epidermal cells, and GhMyb25 1.8-fold the expression in fibre initial cells relative to in non-fibre epidermal cells.
Heterologous overexpression of GhMyb25 in tobacco increases the number of branched long-stalked trichomes
An overexpression construct with the subterranean clover stunt virus promoter 7 (Schünmann et al. 2003 ) driving the expression of the full-length GhMyb25 cDNA clone was introduced into tobacco and Arabidopsis by Agrobacteriummediated transformation. In transgenic Arabidopsis, the expression of GhMyb25 had no obvious effect on trichomes in several transformants analysed (not shown). No trichomes were observed on the seeds of either species transformed with GhMyb25. Six independent primary transformants (T 0 genera- (11-8, 11-7, 11-4, 11-19 and 11-3) tion) of tobacco were selected based on their expression of GhMyb25 by RT-PCR (Fig. 7B, two lines only shown) . These lines were examined by SEM and all six showed increased numbers of the branched long-stalked trichomes that are not normally formed on the adaxial leaf surface (e.g. Fig. 7C , two lines shown). Branched long-stalked trichomes were occasionally observed on leaf veins of wild-type or other control tobacco lines, but on the transformants, a 2-to 10-fold increase in these trichomes was observed primarily on parts of the leaf other than on veins and, as indicated below, the trichome phenotype was inherited with the transgene in the T 1 progeny.
Heritability of the expression of the GhMyb25 and its effect on trichome number and branching was examined using genomic PCR, RT-PCR and standard microscopy in the T 1 generation (minimum 20 plants per line) of the six transgenic tobacco lines. A perfect correlation between the increased number of branched long-stalked trichomes and transgene expression was observed in all the six lines. Line 11, for example, showed a 3 : 1 transgene segregation ratio. Five plants from this line were subjected to detailed trichome number analysis using the more sensitive SEM. The number of long-stalked trichomes, short trichomes, stomata and epidermal pavement cells were counted on SEM images taken at the same magnification. The number of the long-stalked trichomes, short-stalked trichomes and stomata per thousand epidermal cells from the four plants expressing the GhMyb25 transgene (11-7, 11-4, 11-19 and 11-3) were compared with that of a null segregant plant, 11-8, that showed no expression of the transgene (Fig.  7B) . Amongst the three cell types, only the density of longstalked trichomes showed a small (about 20%, averaged over the four plants), but significant, increase over that of plant 11-8 (Table 4 ). The short-stalked trichome and stomata had variable densities, with some plants showing slightly higher and other plants slightly lower numbers when compared with 11-8 (not shown), but none of these changes were statistically significant. The most visible phenotype, however, was the branching of the long-stalked trichomes observed previously on the T 0 plants. On average, branching was seven times more prevalent in the GhMyb25-expressing T 1 lines than in the null segregant controls (Table 4) . Examples of the branched trichomes on the non-vein areas of leaves from plants 11-3 and 11-7 are shown in Fig. 7C , with those of the null segregant plant 11-8 as the negative control. A long-stalked trichome generally consists of 8-9 cells (Fig. 5D , T 1 -11-8). Branched trichomes have both long branches with a similar number of cells as an unbranched trichome and short branches consisting of 2-3 cells (Fig. 7D , T 1 -11-3a and 3b).
Fibre cells undergo DNA endoreduplication during initiation
The down-regulation of expression of a putative cyclin D3 gene encoded by clone OCF07F04 in the ovules of a couple of the fibreless mutants prompted us to investigate the cell division and DNA replication activities of the epidermal layers of DP16 and Lintless 4A ovules.
Since fibre cells are known to cease dividing after differentiation, the ovule epidermal cell division activities of DP16 and 4A-183 were examined at and before anthesis. Over the period examined (-2, -1 and 0 dpa), the extent of cell division in the ovule epidermis of Lintless 4A and DP16 was not significantly different (paired t-test, P = 2.1%) although the division rate in Lintless 4A was slightly higher than in DP16 (Table 5 ). It appears that the ovule epidermis cell division rates are higher at -1 dpa for both DP16 and Lintless 4A, although the significance of this is unclear.
Relative DNA contents of the epidermal cells and fibre cells were also measured, and normalized using DNA contents of nuclei at anaphase or telophase (2C), and the results are presented in Fig. 8 . Since the pre-fibre initials and epidermal cell are visually indistinguishable at -2 and -1 dpa, the data for Table 4 The significant increase of long-stalked trichome density from the adaxial leaf surface of four T 1 plants of tobacco line 11 expressing GhMyb25 as compared with a negative control tobacco plant (T 1 -11-8) that showed no expression of GhMyb25 a Averaged over nine SEM images covering a total leaf area of about 100 mm 2 . b Significance level of t-test. P > 0.05 indicates a significant increase of long-stalked trichome density compared with the null segregant control (T 1 -11-8).
T 1 -11-8 T 1 -11-7 T 1 -11-4 T 1 -11-19 T 1 -11-3
Mean long-stalked trichomes/1,000 epidermal cells Branched trichomes/10,000 epidermal cells 0.6 5.3 4.2 2.3 6.8 Table 5 Cell division rates in ovule epidermal cells of the cotton cultivar DP16 and the reduced fibre mutant 4A
Values are the percentage of epidermal cells undergoing mitotic divisions. dpa DP16 4A
-2 dpa 2.78% 2.97% -1 dpa 3.25% 3.5% 0 dpa 2.69% 2.84% those times are presented as total epidermal cells. The results indicate that epidermal pavement cells of DP16 and Lintless 4A at these time points have a DNA content peak at around 2-2.4C, while differentiated fibre initials of DP16 when clearly distinguishable at 0 dpa have an increased DNA content, with the majority of cells showing DNA contents between 2.8 and 5.2C. While this result clearly suggests that the majority of fibre cells undergo at least one round of DNA endoreduplication during initiation, the involvement of the cyclin D3 gene in this process still needs to be verified. 
Discussion
The complex nature of the regulation of epidermal cell differentiation as illustrated by Arabidopsis trichome and root hair development suggests that there may also be a large number of genes controlling cotton fibre initiation and subsequent development. Arpat et al. (2004) noted thousands of elongation phase-specific genes in their analysis of cotton fibre ESTs and from microarray comparisons between fibres in the mid-elongation phase compared with the secondary cell wall phase, but there has been little analysis on the early stages of fibre initiation. We developed an ovule-specific cDNA microarray containing about 10,000 randomly selected cDNA clones to investigate gene expression differences between ovules of linted cotton and a set of lintless mutants on the day when fibre initiation begins. Among the genes down-regulated in the lintless mutants, we identified a number of genes as candidates for having a role in fibre development, including Myb and homeodomain transcription factors that have some similarity to the types of genes known to regulate trichome development in Arabidopsis thaliana. We have verified that the cotton Myb has some effect on trichome development in a transgenic tobacco system, although it did not appear to affect Arabidopsis trichome development.
The use of multiple mutant lines in these microarray expression studies had a number of advantages, not the least being that it helped to smooth out 'noise' contributed by the biological variability in gene expression during seed and fibre growth and the diverse genetic backgrounds of the mutants. Genetic analysis of the mutants to determine their interrelationships proved inconclusive, but at least two distinct groups of mutants were identified. Despite these difficulties in confirming the genetic nature of the mutants, similar sets of genes were repeatedly identified as underexpressed in the different mutants, attesting to their specific role in fibre initiation and/or early fibre development. Overlaying the expression patterns between the inner and outer layers of wild-type cotton ovules on that of the wild-type/mutant whole ovule comparisons served as a convenient in silico filter to reduce the complexity of the gene lists generated and to eliminate those genes not normally expressed in the outer integument where fibres initiate.
The above filtering strategy led to the detection of only 13 different genes whose normal increase in expression at initiation is prevented or delayed in the fibreless mutants. Not surprisingly, these genes could be classified into two classes; a regulatory class, class I (GhMyb25, GhMyb25-Like, GhHD1 and GhCycD3;1), that had similarities to known transcriptional regulators or cell cycle genes, and a biochemical/ structural class, class II, generally expressed later, suggesting a role in fibre cell expansion and/or elongation. Some of the class II genes (GhSus, α-expansin and GhLTP) were already known and had well defined biochemical or cell biology functions as indicated in the Introduction. New members of this class either encode structural proteins or have been shown to be involved in cell wall biogenesis in other species. The class I genes were of most interest, as similar types (Myb or homeodomain transcription factors) are known to regulate Arabidopsis trichome development.
Cotton, like other plants, contains many Myb genes most of whose functions remain unknown. GhMyb25, and the GhMyb25-like gene, show higher sequence similarity (Fig. 5) to the P. hybrida PhMyb1 and the Antirrhinum MIXTA factors than to Arabidopsis GL1 or other cotton Mybs, but are unlikely to be direct homologues as they do not show the same petal epidermis-specific expression of these genes (Noda et al. 1994 , Solano et al. 1995 . MIXTA is a regulator of the conical shape of the petal epidermal cells (Noda et al. 1994) , and overexpression in transgenic tobacco caused the production of supernumerary trichomes on cotyledons, leaves, stems and floral organs, as well as the production of novel conical cells on leaves (Glover et al. 1998 , Payne et al. 1999 . GhMyb25, on the other hand, only caused an increase in the branching of long-stalked trichomes and a small increase in the total number of long-stalked trichomes in tobacco, but did not have any effect on short trichomes or epidermal cell shape. Furthermore, GhMyb25 is expressed only in the ovules, predominantly in fibre initials and not in later stage fibres, or petals. Unlike cotton fibres, tobacco trichomes, particularly the long-stalked trichomes, are multicellular structures with a long stalk of 3-4 cells supporting a small structure of 5-6 cells. Branching of these trichomes is normally very rare. The primary effect of GhMyb25 expression in tobacco was to increase branching, apparently caused by secondary initiation of new long trichome structures from the cells of the main stalk. This ability to initiate trichome development is clearly weak in tobacco as there is only a small increase in long trichome numbers and the majority of the long trichomes remain unbranched, so it will be interesting to see if overexpression of this gene has a more profound effect on epidermal cell initiation into fibres in transgenic cotton plants.
A large number of Myb genes are expressed in cotton ovules at the time of fibre initiation (Loguerico et al. 1999 , Suo et al. 2003 , but not all of them are specific to fibres and may be involved in other metabolic or cell cycle processes occurring in the nucellus or subepidermal layers. Some, like GhMYB109 (Suo et al. 2003 ) that is structurally related to the Arabidopsis GL1 and WER genes, are expressed in fibre initials, but have much higher expression in the rapidly elongating fibres so may have more general roles than in controlling initiation. Another pair of Myb genes isolated from fibres (GhMyb7 and GhMyb9, thought to be homeologues) (Hsu et al. 2005) are expressed in flowers and elongating fibres, but when overexpressed in Arabidopsis and tobacco had dramatic effects on plant development, suggesting they may have more general roles than fibre development. GaMyb2 (Wang et al. 2004 ) from G. arboreum (GenBank accession number AY626160) clusters with GL1 (Fig. 5) and complements a gl1 insertional mutation in transgenic Arabidopsis so has been proposed as its functional homologue in cotton. They saw the occasional single very short trichome on seeds of Arabidopsis plants constitutively overexpressing GaMyb2, but not on plants overexpressing either GL1 or GhMyb109. The significance of this is unclear and does not provide proof for a role for GaMyb2 in cotton fibre initiation. It should be emphasized that none of the fibreless cotton mutants is affected in leaf trichome development, suggesting distinct genetic programmes controlling the development of these two different types of trichomes in cotton. How all these different Mybs fit into the fibre development pathway with GhMyb25 and GhMyb25-like has yet to be elucidated. Experiments are underway to silence and overexpress our two GhMyb25 genes in transgenic cotton plants, but the long time frames for cotton transformation preclude us including this in this study.
The identification of a second Myb transcription factor in the Chinese linted and lintless lines, the GhMyb25-like gene, suggests that there may be some redundancy in fibre regulation. It too was more like MIXTA (Stracke et al. 2001 ) than GL1 and had a similar expression pattern to GhMyb25. Nucleotide comparisons between the GhMyb25-like gene and GhMyb25 (probably an A-genome isoform) suggest that it is not the D-genome isoform of GhMyb25 so there may be even more members of this gene family to discover in tetraploid cotton.
The role in fibre development of the putative homeodomain gene identified in this study has not yet been demonstrated. Its expression is predominantly in ovules, with higher expression in the outer integument and in fibre initials during initiation as well as in the elongating fibres. It is expressed at a much lower level in leaves (where trichomes develop). Its expression in the fibreless mutants was, however, not convincingly reduced so it could perhaps have a more general role in epidermal cell differentiation and growth. Functional characterization in transgenic cotton is in progress and will confirm whether GhHD1 has more relevance to leaf and/or seed trichome development. GhHD1 does not appear to be a direct homologue of the Arabidopsis GL2 or the two putative GL2 homologues from cotton, GhHox1 and GhHox2 (AF530913 and AF530914, respectively). It is more similar to the L1 layerspecific homeodomain gene ATML1 [that is classified in the same HD-GL2 class as GL2 based on sequence homology (Lu et al. 1996) ] that is proposed to be involved in setting up morphogenetic boundaries of positional information necessary for controlling cell specification and pattern formation, so it is intriguing to speculate that GhHD might play a similar role in fibre initial patterning.
Among the three additional genes identified in the analysis of the Xu-142 pair of lines was an RD22 gene, similar to that expressed during fibre elongation identified by C.H. using cDNA macroarrays. The promoters of other RD22-like and LTP genes have been found to contain Myb (and in the case of RD22-like, homeodomain) binding sites (Wang et al. 2004 , Hsu et al. 2005 ) and can be transactivated by Myb genes, confirming that they are downstream in the regulatory cascades controlling fibre development. The asparaginase down-regulated in Xu-142 fl is an asparagine catabolic enzyme (EC 3.5.1.1) that may supply a reduced form of nitrogen to the developing seeds and fibres. Asparagine has been suggested as the major form in which nitrogen is transported in developing cotton seeds (Elmore and Leffler 1976) .
DNA endoreduplication, a strategy to amplify nuclear DNA without cell division (reviewed by Joubès and Chevalier 2000) , is common in cell types with a high metabolic activity and/or large size. It is well established that Arabidopsis trichomes undergo four rounds of endoreduplication during development, leading to large branched cells with nuclei containing about 32C DNA , but it has not been clear whether cotton fibre initials undergo a similar process. Van't Hof (1999) reported that the DNA content of nuclei isolated from developing cotton fibre cells only increased by about 24% from 2 to 5 dpa and suggested that this may be the result of selective amplification of parts of their genome. Using laser confocal microscopy and propidium iodide staining (Fig.  8) , we have demonstrated that relative to the adjacent epidermal cells, the majority of the fibre initials on the day of anthesis have higher than 2C DNA content (between 2.8 and 5.2C), suggesting that they are undergoing at least one round of DNA endoreduplication starting at 0 dpa. Assuming endoreduplication involves a modified cell cycle, it may share common determinants with the classic cell cycle and cell cycle genes such as cyclins (Joubès and Chevalier 2000) . The Arabidopsis CycD3;1, for example, when ectopically expressed, induced not only DNA replication, but also cell division in trichomes . The decreased expression of the GhCycD3;1 in the outer integuments of the Lintless 4A mutant did not appear to affect epidermal cell division rates (Table 5) , so it is tempting to speculate that this gene may be involved in the DNA endoreduplication, but this will have to await further analysis.
The identification of 13 candidate genes, in particular the three transcription factors and a cell cycle gene, that appear to be involved in fibre initiation and elongation has provided targets for overexpression and knockout studies in transgenic cotton to elucidate further the molecular mechanisms that control the differentiation of this most elongated plant cell.
Materials and Methods

Plant material
Eight cotton lines (Gossypium hirsutum L.) were used in this study and these include two wild-type cotton cultivars: DP16 and Xuzhou 142 (also called Xu-142 or XZ142), and six lintless lines: Lintless 1A, Lintless 4A, Lintless 5B, Lintless 53, SL1-7-1 and Xu-142 fl (also called XZ142w). The 1A, 4A, 5B and 53 lines were obtained from the Queensland Department of Primary Industry Tropical Crops and Pastures Germplasm Collection and were originally selections from a linted cultivar B1278 isolated by Dr. Alistair Low (unpublished, CSIRO Irrigation Research, Griffiths, NSW). SL1-7-1 was obtained from the United States Department of AgricultureAgricultural Research Service (College Station, TX, USA). The Xu142fl mutant and its parental Xu-142 were provided by Professor Xiao-Ya Chen (Institute of Plant Physiology, Chinese Academy of Science, Shanghai, PR China). All the cotton lines were grown in a glasshouse with a temperature of 30°C/22°C (day/night). Ovules were always collected at a similar time each day (1-3 p.m.) and samples to be compared on a microarray were only used when they were collected on the same date and from the same glasshouse to minimize between time or location variability.
Scanning electron microscopy (SEM)
Cotton ovules were collected at developmental stages of -2, 0 and 2 dpa as described by Hasenfratz et al. (1995) . Ovules were frozen in an Oxford CT 1500 cryotrans system, gold coated and observed using a JEOL 6400 scanning electron microscope as described by Craig and Beaton (1996) .
Tobacco primary transformants were isolated from kanamycin selection medium and transferred to soil after root formation. A top leaf around 120 mm long was taken for SEM imaging from a control plant transformed with a 35S-β-glucuronidase (GUS) construct and six independent transgenic lines. In order to minimize variations, an adaxial leaf area of 100 mm 2 from a similar position on each leaf was visualized by SEM, photographed and used for the trichome counting. T 1 plants were first germinated in tissue culture, genotyped by PCR for the inserted transgene and transferred to soil after 2 months. Trichomes were viewed and counted as for the T 0 plants. The number of cells in each long-stalked trichome was examined using fluorescence microscopy after 4,6-diamidino-2-phenylindole (DAPI; 1 µg ml -1 in water) staining.
The cotton ovule cDNA microarray
The cotton ovule cDNA microarray comprised a total of 10,410 PCR-amplified inserts from cDNA clones printed to glass CMT-GAPS II™-coated microarray slides (Corning, Acton, MA, USA) as described in Wu et al. (2005) . Except for 52 clones encoding known cotton genes provided by colleagues, and 13 clones of negative controls (non-plant genes, intron sequences, etc.), the rest of the clones were randomly picked from three cDNA libraries derived from early stage cotton ovules of cultivar DP16. This included 5,496 clones from a library derived from cycloheximide-treated cultured ovules (CHX library), 1,149 clones from 0 dpa whole ovules (OCF library) and 3,700 clones from the OCF library after normalization (ON library). The sequences of all clones and the array layout are available at http://www.pi.csiro.au/ gena/ through the link from this manuscript, and all the EST sequences have been lodged with GenBank as accession numbers DT455583-461485 (ON ESTs), DT461486-469116 (CHX ESTs) and DT526800-527666 (OCF ESTs). Sequence data for the ovule ESTs and relative EST abundance data in a variety of cotton tissues for these and 160,000 other cotton ESTs are also available from the Arizona Genomics Institute website http://www.agcol.arizona.edu/pave/cotton/.
RNA isolation and microarray hybridizations
Cotton ovules used for RNA isolation were kept in RNALater (Ambion, Austin, TX, USA) solution at -20°C. Ovules were used whole or the outer integument was separated from the inner tissues under a microscope at room temperature as required. Total RNA isolations and poly(A) + mRNA purification were as described in Wu et al. (2005) . Equal amounts of mRNA (0.5-1 µg) of the two samples to be compared were reverse transcribed using Superscript II reverse transcriptase (Invitrogen Life Technologies, Carlsbad, CA, USA), using 1 µg of oligo(dT)12-18 primer and 6 µg of random primers (Invitrogen Life Technologies) per reaction. The purification and Cy3-dUTP and Cy5-dUTP (Amersham Pharmacia Biotech, Little Chalfont, UK) labelling of the first strand cDNA was as described by Schenk et al. (2000) . The labelled probes were combined and purified using a Qiaquick PCR purification kit. Slide hybridization and washing were as described in the manufacturer's instruction manual (Corning, CMT-GAPS coated slides).
Statistic analysis of microarray data
Microarray images were captured using a GenePix 4000A microarray scanner (Axon Instruments, Union, CA, USA) and analysed using the GenePix Pro program (Axon Instruments). Grids were predefined and manually adjusted to ensure optimal spot recognition. Spots were quantified using the GenePix fixed circle method, and medians of the fluorescence intensity of the red and green channels were used to generate the ratio of the two channels.
The statistical analysis of the microarray data was carried out using tRMA (tools for R Microarray Analysis, Version 1.7.0), a suite of statistical functions written in R code (Wilson et al. 2003) . The detailed description of tRMA functions is available online (http:// www.cmis.csiro.au/iap/tRMA/). Using tRMA, the red/green fluorescence ratio data were log 2 transformed and normalized using a spatial normalization method described by Wilson et al. (2003) . The data were then rescaled by dividing by an estimate of the median absolute deviation before running the 'find differentially expressed gene' function of tRMA as described by Klok et al. (2002) . The rescaling allows for multiple comparison corrections between different experiment and replications. The 'find differentially expressed gene' function assumes that the non-differentially expressed genes follow a standard normal distribution and many differentially expressed genes will fall outside this distribution, as outliers. The detection of differentially expressed genes was computed by removing the 'outliers' one by one until the remaining data distribution is not different from the standard normal distribution (using the residue sum of squares of fit of data distribution to the standard distribution in a quantile-quantile plot as the optimization criteria). For a typical microarray comparison in this study that consisted of four replications, the 'find differentially expressed gene' function of tRMA was used to select differentially expressed genes from each of the replications separately, and the differentially expressed genes were then compared using the 'compare interesting genes' function of tRMA to refine a new gene list of the differentially expressed genes occurring in at least three of four replications (or five of six, or six of eight replications). All microarray data will be available at http://www.pi.csiro.au/gena/ after publication.
RT-PCR
Total RNA isolated from cotton tissues were DNase (RQ1 RNase-free DNase, Promega, Madison, WI, USA) treated and 0.5 µg of the total RNA was used in an RT-PCR essentially as described by McFadden et al. (2001) . Since all β-tubulin cDNA clones on the array showed relatively consistent expression in 0 dpa ovules of all the cotton lines, one β-tubulin cDNA clone (OCF006F9) was used as a control in all the RT-PCRs. The forward and reverse primers used for the β-tubulin are 5′-AGAACATGATGTGTGCTGC-3′ and 5′-AGCTGT-GAACTGCTCACTC-3′, respectively, and the resulting cDNA fragment was 300 bp.
The forward and reverse primers used for GhMyb25 RT-PCR were: 5′-TCAAACCCTCCTCAAAGCAACC-3′ and 5′-ATTCCAT-TACCAGACGATGATGAC-3′, respectively, and this produced a cDNA fragment of 224 bp. The GhMyb25 and β-tubulin RT-PCRs were performed in a one-tube reaction amplified with an initial denaturation cycle at 95°C for 3 min followed by 23 cycles at 95°C for 15 s, 55°C for 15 s, 72°C for 1 min and with a final cycle of 72°C for 2 min. A 5 µl aliquot of the RT-PCR was resolved on a 2% agarose values were then used to construct histograms of epidermal and fibre cell relative nuclear DNA content.
The same maximum projection images were also used to assess the epidermal cell division rates by counting the total and dividing epidermal cells per image, and division rates averaged over at least three ovules were presented.
Supplementary material
Supplementary material mentioned in the article is available to online subscribers at the journal website www.pcp.oupjournals.org.
